Organizers play important roles during the embryonic development of many animals. 28
Introduction 44
The self-regulatory capacities of vertebrate embryos were most famously 45 demonstrated by Spemann and Mangold. They found that by grafting the dorsal-lip of 46 an amphibian embryo (now known as the Spemann Organizer) to the ventral side of 47 the host gastrula embryo it was possible to induce a secondary body axis [1] [2] [3] . 48 Intriguingly, also spider embryos have high self-regulatory capacities, even to 49 the extent that twinning can occur spontaneously [4] . During spider embryogenesis a 50 group of migratory cells (the cumulus) is needed to break the radial symmetry of the 51 early embryo and to induce the dorsoventral body axis [4] [5] [6] [7] [8] [9] [10] . Similar to the 52 vertebrate experiments, Holm showed that transplanting cumulus material was able 53 to induce a secondary axis in spider embryos [11] . Modern work has shown that the 54 cumulus signals via BMP signaling (again, similar to vertebrates). The mesenchymal 55 cumulus cells are the source of the BMP receptor ligand Decapentaplegic [6] . 56
Interfering with the BMP signaling pathway by gene knockdown results in the loss of 57 dorsal tissue identity, which in turn leads to completely radially-symmetric and 58 ventralized embryos [6] . The cumulus forms in the center of the so-called germ-disc 59 (the embryonic pole of the embryo) and migrates underneath the ectoderm towards 60 the rim of the disc. Arrival of the cumulus at the rim induces the opening of the germ-61 disc [4] [5] [6] [7] [8] [9] [10] . Cumulus migration is dependent on the Hh-signaling pathway [12] and it 62 was shown that the knockdown of components of this signaling pathway results in 63 cumulus migration defects and in the ectopic opening of the germ-disc [12] . 64
How the cumulus is specified and forms is still under debate. During the 65 formation of the germ-disc a small cluster of cells gastrulate and form an indentation 66
where the future center of the fully formed germ-disc will be located. This cluster of 67 cells appears as a visible spot and is called the primary thickening [5, 8] . However it 68
is not clear whether all or only a subset of the cells of the primary thickening give rise 69 to the cumulus, or if cumulus cells arise from subsequent cell invagination at the site 70 of the primary thickening [4, 5] . Cell tracing [11, 13] , as well as the expression of the 71 endodermal marker forkhead [14] within the primary thickening/cumulus cells led to 72 the suggestion that the primary thickening/cumulus cells are central endodermal cells 73 [8, 14] . However, these studies could not completely rule out that the labeled 74 cumulus cells develop into cells of the visceral mesoderm [13] . To overcome the limitations of the candidate gene approach, we have carried 81 out transcriptome sequencing of carefully staged embryos to find new genes involved 82 in cumulus and axial patterning in the spider Parasteatoda tepidariorum. From this 83 work, we have identified the transcription factor Pt-Ets4 as a new gene expressed 84 during early development and have found it to be expressed exclusively within the 85 central primary thickening and the cells of the migrating cumulus. Our combined 86 genetic and cellular analyses show that Pt-Ets4 is needed for the integrity of the 87 cumulus. We found that the knockdown of this gene leads to embryos that show axis 88 patterning defects reminiscent to BMP knockdown phenotypes, suggesting that an 89 intact cumulus is needed to induce the formation of the bilaterally symmetric spider 90 embryo. Importantly, Pt-Ets4 is necessary and sufficient for driving the early 91 expression of twist (a gene involved in gastrulation and mesoderm formation in 92 Drosophila) and hunchback, and the ectopic expression of Pt-Ets4 is sufficient to 93 induce cell delamination. 94
95

Results
96
The formation of the germ-disc is one of the most important events during spider 97 embryogenesis. While a regular blastoderm (with no visible axial polarity) is present 98 at stage 2, the germ-disc condenses during stage 3 of embryonic development 99
( Figure 1A and B, for detailed description see [15] ). This event leads to the 100 establishment of the anterior/posterior body axis (anterior: rim of the disc; posterior: 101 center of the disc). 102
To find new genes that are involved in the process of axis specification we 103 sequenced the embryonic transcriptomes of stage 1, stage 2 and stage 3 embryos 104 for the expression of the cumulus marker Pt-fascin [12] revealed that although the 139 cells of the cumulus were still in the center of the germ-disc, they appeared to be 140 more loosely organized ( Figure 3C and D). 141
142
In Pt-Ets4 knockdown embryos the radial symmetry of the germ-disc was not 143 broken (as shown by the formation of a tube-like germ band in Video 1B (30h 144 onwards), and the middle column in Figure 2 ), presumably due to the loss of the 145 cumulus. To investigate this phenotype in more detail, we knocked down another 146 gene that also results in defects in radial symmetry breaking, Pt-ptc. In Pt-ptc 147 knockdown embryos, cumulus migration is lost but the cumulus itself is otherwise 148 unaffected [12]. After pRNAi with Pt-ptc, the cumulus stays in the center of the germ-149 disc (Video 1C; right column in Figure 2 ) and BMP signaling is ectopically activated 150 (as shown via antibody staining against the phosphorylated form of mothers against 151 dpp (pMAD) [12] . As a result, the germ-disc ectopically opened at the center and the 152 dorsal field was induced at the posterior pole of the Pt-ptc RNAi embryos (right 153 column in Figure 2 ). This ectopic induction of the dorsal field in the center of the 154 germ-disc was never observed in the Pt-Ets4 RNAi embryos. To test if the 7 disappearing cumulus was at least partially able to activate BMP signaling in the 156 germ-disc of Pt-Ets4 RNAi embryos, we performed a pMAD antibody staining in both 157 control and Pt-Ets4 RNAi embryos. In control embryos the cumulus reached the 158 periphery of the germ-disc at late stage 5 and a strong pMAD staining was visible in 159 the overlying ectodermal cells ( Figure 3E In order to determine what other genes Pt-Ets4 may regulate, we studied the 185 expression of genes normally expressed in the primary thickening in Pt-Ets4 RNAi 186 embryos. We found that Pt-forkhead (Pt-fkh) expression was unaffected ( Figure 4B 
Ectopic expression of Pt-Ets4 induces cell migration 192
As Pt-Ets4 is strongly expressed in the cumulus and is required for cumulus integrity, Our first observation was that the EGFP-Pt-Ets4 fusion protein localizes to the 199 nuclei of the injected cells, suggesting that the nuclear-localization-signal of Pt-Ets4 200 is functioning normally ( Figure 5A ). EGFP-Pt-Ets4 marked cell clones resembled 201 wild-type until stage 4. As soon as a dense germ-disc formed, however, the cell 202 clones expressing EGFP-Pt-Ets4 seemed to move beneath the germ-disc and the 203 EGFP signal became occluded by the opaque cells of the germ-disc ( Figure 5B ). We To further visualize the process of cell clone delamination, we marked cell 208 membranes by co-injecting capped mRNA coding for EGFP-Pt-Ets4 together with 209 capped mRNA coding for lynGFP [19] . In control embryos (ectopic expression of 210 lynGFP alone), lynGFP strongly marked the cell outlines of control embryos and cell 211 clones stayed at the surface epithelium of the germ-disc (Video 2A, Figure 5C -C''). 212
Regardless of the position and the shape of the cell clone, cells expressing 213 lynGFP/EGFP-Pt-Ets4 constricted and delaminated shortly after the formation of the 214 germ-disc (Video 2B-D, Figure 5D -D''). The detection of EGFP-Pt-Ets4 cell clones in 215 fixed embryos using an antibody against EGFP confirmed that the labeled cells were 216 below the epithelium of the germ-disc ( Figure 5E and E'). 217
The nuclear signal of the EGFP-Pt-Ets4 fusion construct (and the membrane 218 signal of the lynGFP) is hardly visible after the delamination process. Therefore, we 219 co-injected capped mRNA for EGFP-Pt-Ets4 with capped mRNA for nuclear localized 220 EGFP (EGFP-NLS, see These results demonstrate that Ets4 expression is sufficient to induce cell 238 delamination and migration in embryos of P. tepidariorum. 239 240
Ectopic expression of Pt-Ets4 induces mesoderm-like fate 241
As already mentioned, Pt-Ets4 seems to have no influence on the early expression of 242
Pt-dpp itself ( Figure 4A and E). Furthermore, we were not able to detect Pt-dpp 243 transcripts in cells ectopically expressing Pt-Ets4 ( Figure 6A 
and A'). In contrast to 244
Pt-dpp, we did find that Pt-Ets4 is regulating the expression of Pt-hb. While Pt-hb 245 expression was nearly absent in Pt-Ets4 RNAi embryos ( Figure 4H ), Pt-hb transcripts 246 were present in the ectopically Pt-Ets4 positive cell clone ( Figure 6B and B'). 247
The behavior of the Pt-Ets4 positive cells is reminiscent of migrating 248 gastrulating cells that invade the germ-disc from the center and from the rim of the 249 germ-disc [9, 20, 21] (see Video 1A). As Pt-Ets4 activates the expression of Pt-hb (a 250 gene that is known to be expressed in mesodermal cells in diverse animals [22-24]) 251
we wondered if Pt-Ets4 misexpression is inducing a mesoderm-like cell fate. For this 252 reason, we tested whether the ectopic expression of Pt-Ets4 is also inducing the 253 expression of the key mesodermal marker Pt-twist (Pt-twi). Indeed, Pt-twi was 254 detectable within the cell clone that ectopically expressed Pt-Ets4 ( Figure 6C Furthermore, the mammalian homolog of Ets4, Pdef, is down regulated in invasive 283 and migratory breast tumor cells [33] . Together, these reports suggest that Ets4 284 regulates migratory cell behavior in different organism. 285
Here we show that in the spider P. tepidariorum, Ets4 is strongly expressed in 286 the migrating cumulus and that Pt-Ets4 is needed for the integrity of the cumulus, a 287 group of cells, which need to migrate together in order to function normally. We also 288
show that the ectopic expression of Pt-Ets4 is able to ectopically induce cell 289 delamination and cell migration within the ectodermal germ-disc cells (a process that 290 is known as epithelial-to-mesenchymal transition [34, 35] ). Taken together, these 291 findings suggest that Pt-Ets4 likely plays an important role in the migratory behavior 292 of the cumulus. 293
It has been suggested that the cumulus cells of many higher spiders are 294 specified during early embryogenesis and are not secondarily induced after the 295 formation of the germ-disc [13] . Pt-Ets4 marks the cells of the developing primary 296 thickening (st. 3 and 4) and of the migrating cumulus. Therefore, our results indicate 297 that also in P. tepidariorum, cumulus cells are induced before germ-disc formation is 298
complete. 299
As the primary thickening forms in the absence of Pt-Ets4, Pt-Ets4 cannot be 300 the only factor that is required for the specification of the cells that will develop into 301 the primary thickening (and later into the cumulus). This is supported by our finding 302
that Pt-Ets4 is sufficient to induce the delamination and migration of ectodermal cells, 303 but it is not sufficient to induce the formation of a fully functional ectopic cumulus. So 304 far, there have been no reports of any gene knockdown that completely inhibits the 305 formation of the primary thickening. The cumulus is characterized by the co-306 expression of multiple genes, including Pt-dpp. As shown by our analyses, Pt-Ets4 307 seems not to be involved in the regulation of Pt-dpp itself, as well as several other 308 cumulus marker genes. Therefore, important factors of the cumulus are missing in 309 the ectopic Pt-Ets4 expression cells. Taken together, our findings indicate that the 310 13 formation of the primary thickening is a process that is buffered via the input of 311 several genes or other unknown mechanisms/factors. 312
Our results also show that an intact cumulus is needed to open up the germ-313 disc and to initiate the formation of a bilaterally symmetric spider embryo. In the 314 germ-disc of P. tepidariorum embryos, BMP signaling is active from early stage 5 315 Via both our loss-and gain-of-function experiments, we found that Pt-Ets4 is 330 involved in the activation of at least two genes that are expressed within the primary 331 thickening of stage 4 embryos. These genes are Pt-hb and Pt-twi. For Pt-hb, it was 332 already shown that this gene is strongly expressed within the primary thickening of 333 stage 4 embryos [22] . However, it was reported that Pt-twi expression is not 334 detectable before late stage 5 [21], while we found that Pt-twi is expressed in the 335 primary thickening already at stage 3 and 4. This is in agreement with our 336 sequencing data, which shows that Pt-twi is strongly up regulated from stage 2 to 337 stage 3 (Figure 1-figure supplement 1 Phylogenetic analysis was also performed using the ETS domains alone, and while 448 tree topology changed in some ways, the Ets-4 genes from D. melanogaster and C. 449 elegans still branched together with strong support, and the gene we have named Pt-450
Ets4 was the only P. tepidariorum gene branching together with this clade. 451 452
Ectopic expression of Pt-Ets4 and EGFP 453
Experiments have been performed by injecting capped mRNA into late stage 1 454 embryos of P. tepidariorum. Embryonic microinjections were performed as described 455
previously [15] . 456
For the production of capped mRNA, the mMASSAGE mMACHINE Kit (T7 or Sp6, 457
ThermoFisher SCIENTIFIC) was used. Capped mRNA was injected at a 458 concentration of 2-3µg/µl. To obtain a stronger signal during live imaging, capped mRNA of EGFP-Pt-Ets4 was 482 co-injected with EGFP-NLS. 483
To mark the membranes of the embryonic cells and to visualize the delamination 484 process of the Pt-Ets4 positive cell clones, capped mRNA coding for lynGFP [19] 485 was co-injected with capped mRNA coding for EGFP-Pt-Ets4. Next to the ectopic 486 expression of lynGFP we tried to ectopically express GAP43YFP (another marker 487 that was shown to localize to the cell membranes of Tribolium embryos [41, 42]). 488
However, we observed a much stronger signal for lynGFP. 489 490 Whole mount in situ hybridization 491 Embryos were collected as described previously [5] with minor modifications. In situ 492 20 hybridization was performed as previously described [43] with minor modifications 493 (proteinase K treatment was not carried out). Fluorescent FastRed staining was 494 performed as described in [42] . After the injection of capped mRNA coding for EGFP-Pt-Ets4, pictures of the single 505 living embryos that exhibited an EGFP-Pt-Ets4 positive cell clone were taken. The 506 same embryos were fixed by injecting 10% formaldehyde to the perivitelline space 507 and were incubated for several hours at room temperature. To remove the oil, the 508 single embryos were transferred to heptane and the chorion was removed using 509 forceps. Subsequently, the single embryos were transferred to 100% methanol and 510 the vitelline membrane was removed using forceps. In situ hybridization on the single 511 embryos was performed as described above. 512 513 pMAD antibody staining 514
To analyze BMP pathway activity in control and Pt-Ets4 knockdown embryos a 515 pMAD antibody staining was performed in embryos that were already stained for Pt-516 otd (via in situ hybridization). Embryos were fixed as usual (see above). 517
In situ stained embryos were washed in PBST (3 x 15 min) and blocked in PBST 518 containing 0,1% BSA and 5% goat serum (1 hour at RT). Subsequently, the embryos 519 were transferred to a fresh solution of PBST containing 0,1% BSA and 5% goat 520 serum. The Phospho-Smad1/5 (Ser463/465) (41D10) Rabbit mAb (Cell Signaling 521 Technology, Inc.) was added to this solution (antibody concentration: 1:1000; 4°C 522 o.n.). On the next day the embryos were washed in PBST (3 x15 min) and were 523 blocked again in PBST containing 0,1% BSA and 5% goat serum (1 hour at RT). The 524 secondary antibody (Anti-Rabbit IgG, couplet to alkaline phosphatase (AP), produced 525 in goat; A3687 SIGMA) was added to the blocking solution at a 1:1000 concentration. 
Durcupan sections 538
To stain all of the embryonic cells, in situ hybridization with the ubiquitously 539 expressed gene Pt-arm was carried out in early stage 5 embryos of control and Pt-540
Ets4 RNAi embryos. Embryos were then stained with Sytox Green (1:5000 in PBST, 541
ThermoFischer SCIENTIFIC). Embryos were then gradually (50%, 70%, 90%) 542 transferred to 100% EtOH. After a washing step in 1:1 EtOH/acetone, the embryos 543 were transferred to 100% acetone. Single embryos were transferred to microtome 544 embedding molds in a 1:1 durcupan/acetone solution. Acetone was removed by 545 incubating the embryos at room temperature (o.n.). The embedding molds were filled 546 with fresh durcupan (Fluka). Polymerisation of the durcupan was carried out at 65°C 547 
